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ABSTRACT 
A t o t a l  o f  twenty-seven molybdenum c l a d  f u e l  p i n s  
were d e s i g n e d  and f a b r i c a t e d  by B a t t e l l e - N o r t h w e s t  f o r  
t h e  L e w i s  Research C e n t e r  of  t h e  N a t i o n a l  A e r o n a u t i c s  
and Space A d m i n i s t r a t i o n .  T h e  purpose of t h e  p i n s  i s  
t o  p r o v i d e  i r r a d i a t i o n  d a t a  needed f o r  t h e  d e s i q n  of  
f u l l - l e n g t h  reactor f u e l  p i n s .  S i x  of t h e  f u e l  p i n s  
c o n t a i n e d  d e p l e t e d  uranium d iox ide  (U02); f o u r t e e n  
c o n t a i n e d  f u l l y  e n r i c h e d  U02; one c o n t a i n e d  d e p l e t e d  
uranium n i t r i d e  ( U N ) ;  and s i x  con ta ined  f u l l y  e n r i c h e d  
UN . 
TABLE O F  CONTENTS 
Page N o .  
INTRODUCTION . . . . . . . . . . . . . . . . . . .  1 
SUI’QlARY- . . . . . . . . . . . . . . . . . . . . .  1 
DESIGN O F  THE FUEL PINS.  . . . . . . . . . . . . .  5 
F u e l  Material and Form. . . . . . . . . . . . .  5 
C l a d d i n g  Material . . . . . . . . . . . . . . .  6 
F u e l - t o - C l a d d i n g  G a p  and B o n d  . . . . . . . . .  6 
C l a d d i n g  T h i c k n e s s  and G a s  Plenum Length. . . .  7 
D E S C R I P T I O N  O F  THE FABRICATION PROCESS . . . . . .  7 
P e l l e t  P repa ra t ion  . . . . . . . . . . . . . .  7 
C l a d d i n g  and H a r d w a r e  P r e p a r a t i o n  . . . . . . .  1 2  
P i n  A s s e m b l y .  . . . . . . . . . . . . . . . . .  1 3  
EVALUATION O F  THE FUEL PINS.  . . . . . . . . . . .  1 3  
PROBLEMS ENCOUNTERED DURING FABRICATION.  . . . . .  2 7  
REFERENCES . . . . . . . . . . . . . . . . . . . .  33 
NASA CR-72387 
DESIGN, FABRICATION,  AND FABRICATION EVALUATION 
O F  H I G H  TEMPERATURE FUEL PINS 
INTRODUCTION 
B a t t e l l e - N o r t h w e s t  h a s  completed a program t o  d e s i g n  
and f a b r i c a t e  h i g h  t empera tu re  f u e l  p i n s  f o r  t h e  L e w i s  
Research C e n t e r  of  t h e  Na t iona l  A e r o n a u t i c s  and Space 
A d m i n i s t r a t i o n .  T h i s  r e p o r t ,  t h e  f i f t h  and f i n a l  of 
a series ( 2  
d e s i g n ,  f a b r i c a t i o n ,  and f a b r i c a t i o n  e v a l u a t i o n  of  t h e  
f u e l  p i n s .  
5,  r e q u i r e d  i n  t h i s  c o n t r a c t ,  d e s c r i b e s  t h e  
SUMMARY 
A t o t a l  o f  twenty-seven molybdenum c lad  f u e l  p i n s  were 
f a b r i c a t e d  f o r  t e s t s  and e v a l u a t i o n .  S i x  of  t h e s e  f u e l  p i n s  
were p r o t o t y p e s  and c o n t a i n e d  d e p l e t e d  uranium d i o x i d e  ( U 0 2 )  ; 
f o u r t e e n  c o n t a i n e d  f u l l y  e n r i c h e d  UO one c o n t a i n e d  d e p l e t e d  
uranium n i t r i d e  ( U N ) ;  and s i x  c o n t a i n e d  f u l l y  e n r i c h e d  E N .  
A number of  s h o r t  p e l l e t s  w e r e  used  t o  make up each  U 0 2  
f u e l  column, and a s i n g l e  p e l l e t  w a s  used f o r  each  UM f u e l  
column. A l l  o f  t h e  p i n s  m e t  t h e  r e q u i r e d  c r i t e r i a  and 
q u a l i t y  l eve l s  e s t a b l i s h e d  f o r  t h e  d e s i g n  i r r a d i a t i o n  
c o n d i t i o n s .  P e r t i n e n t  d a t a  f o r  each  p i n  are p r e s e n t e d  i n  
Tab le  I .  Design s p e c i f i c a t i o n s  f o r  t h e  f u e l  p i n s  are 
p r e s e n t e d  i n  Drawing No. R-1008 ( F i g u r e  1) .  
2; 
The purpose  of t h e s e  p i n s  i s  t o  p r o v i d e  i r r a d i a t i o n  
d a t a  needed f o r  t h e  d e s i g n  of f u l l - l e n g t h  r e a c t o r  f u e l  p i n s .  
Pr imary  f a c t o r s  c o n s i d e r e d  i n  t h e  d e s i g n  of  t h e s e  p i n s  f o r  
h i g h  t e m p e r a t u r e  service t o  high exposure  i n c l u d e :  
- 2 -  
Table I 
Fuel Pin Data 
Pin 























































































* Dep.-Depleted; En.-Fully 
* *  C - Cored; S-Solid 
t See Figure 1 
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Faximum c l a d d i n g  and f u e l  t e m p e r a t u r e s  
Fue l  expans ion  
I n t e r n a l  p r e s s u r e s  due t o  r e l e a s e d  f i s s i o n  g a s  
Heat t r a n s f e r  from t h e  f u e l  t o  t h e  c o o l a n t  
C o m p a t i b i l i t y  of t h e  c l a d d i n g  w i t h  t h e  f u e l  
mater ia l  and t h e  c o o l a n t  
Although it was necessa ry  t o  deve lop  t e c h n i q u e s  f o r  
f a b r i c a t i n g  t h e  c o r e d  UN p e l l e t s ,  no s i g n i f i c a n t  problems 
w e r e  encoun te red  i n  f a b r i c a t i n g  t h e  p e l l e t s .  Problems were 
e n c o u n t e r e d ,  however, w i t h  the  c l a d d i n g .  At tempts  t o  b o r e  
o u t  s t o c k  molybdenum t u b i n g  t o  o b t a i n  a t h i n  wall  (0 .025 i n . )  
c l a d d i n g  f a i l e d  t o  h o l d  wal l  t h i c k n e s s  and i n t e r n a l  s u r f a c e  
r e q u i r e m e n t s .  To e l i m i n a t e  t h e  machining problems,  a t h i c k  
w a l l  (0.050 i n . )  t u b i n g  w a s  s p e c i f i e d  by N A S A - L e w i s .  Adop- 
t i o n  of t h e  t h i c k  w a l l  t ub ing  i n t r o d u c e d  a weld p e n e t r a t i o n  
problem which w a s  e v e n t u a l l y  c o r r e c t e d  by a l t e r i n g  t h e  end 
cap  d e s i g n  and deve lop ing  a welding t e c h n i q u e .  
S i g n i f i c a n t  a s p e c t s  o f  t h e  work per formed under  t h i s  
c o n t r a c t  w e r e :  
0 A f u e l  p i n  d e s i g n  which m e t  t h e  c r i t e r i a  e s t a b -  
l i s h e d  by NASA-Lewis w a s  deve loped .  
The f u e l  p i n s  w e r e  f a b r i c a t e d  t o  r e q u i r e d  
c r i t e r i a  and q u a l i t y  levels .  
Cored U02 p e l l e t s  w i t h  t h i n  w a l l s  were f a b r i -  
c a t e d  t o  c l o s e  t o l e r a n c e s .  
S o l i d  and c o r e d  UN p e l l e t s  were f a b r i c a t e d  by 
h o t  i s o s t a t i c  compaction. 
A s o u r c e  o f  h igh  q u a l i t y  TZM molybdenum a l l o y  
c l a d d i n g  t u b e s  was e s t a b l i s h e d .  
A weld ing  t echn ique  f o r  making t h e  f u e l  p i n  
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D E S I G N  OF THE FUEL PINS 
The f u e l  p i n s  d e s c r i b e d  i n  t h i s  r e p o r t  w e r e  d e s i g n e d  
t o  p r o v i d e  i r r a d i a t i o n  d a t a  needed f o r  t h e  d e s i g n  of f u l l -  
l e n g t h  r e a c t o r  f u e l  p i n s .  Primary f a c t o r s  c o n s i d e r e d  i n  
t h e  d e s i g n  of t h e s e  p i n s  f o r  h igh  t e m p e r a t u r e  service t o  
h i g h  exposure  i n c l u d e :  
0 Maximum c l a d d i n g  and f u e l  t e m p e r a t u r e s  
0 Fue l  expans ion  
0 I n t e r n a l  p r e s s u r e  due t o  r e l e a s e d  f i s s i o n  gas  
0 Heat t r a n s f e r  from t h e  f u e l  t o  t h e  c o o l a n t  
0 C o m p a t i b i l i t y  o f  t h e  c l a d d i n g  w i t h  t h e  f u e l  
mater ia l  and t h e  c o o l a n t .  
Fue l  Material  and Form 
P e l l e t e d  U 0 2  w a s  used i n  one of t h e  b a s i c  f u e l  p i n  
d e s i g n s  because  o f  t h e  large amount o f  e x p e r i e n c e  and c o n f i -  
dence  t h a t  h a s  been a c q u i r e d  w i t h  t h i s  t y p e  o f  f u e l .  The 
t echno logy  of  t h i s  ma te r i a l  i s  well advanced and i t s  adequacy 
as a r e a c t o r  f u e l  h a s  been thoroughly  demons t r a t ed .  P e l l e t e d  
UN w a s  used  i n  one of t h e  basic f u e l  p i n  d e s i g n s  because  
p e l l e t e d  UN can  be o p e r a t e d  a t  h i g h e r  powers w i t h o u t  r each -  
i n g  e x c e s s i v e  f u e l  t empera tu res  t h a n  can p e l l e t e d  U 0 2 .  
The t h e r m a l  c o n d u c t i v i t y  of UN i s  abou t  s i x  t i m e s  t h a t  o f  
S o l i d  p e l l e t s  and c o r e d  p e l l e t s  w e r e  u sed  i n  t h e  f u e l  
p i n  d e s i g n s .  Cored p e l l e t s  a l low f o r  a s h o r t e r  gas  plenum 
t h a n  s o l i d  p e l l e t s  because  f u e l  t e m p e r a t u r e s  are lower  and 
f ewer  f i s s i o n  g a s e s  are r e l e a s e d  from t h e  f u e l .  S o l i d  p e l l e t s  
were used because  of  t h e  l a r g e  amount o f  e x p e r i e n c e  w i t h  t h i s  
form of  f u e l  and t h e  ease w i t h  which t h e y  can  be f a b r i c a t e d .  
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Cladding  Material 
The o p e r a t i n g  c o n d i t i o n s  of t h e s e  f u e l  p i n s  r e q u i r e d  
t h a t  a r e f r a c t o r y  m e t a l  be used for ,  c l a d d i n g .  Tungs ten ,  
molybdenum, niobium, and t an ta lum w e r e  c o n s i d e r e d  as cand i -  
d a t e  c l a d d i n g  mater ia l s .  Based on n e u t r o n i c ,  t h e r m a l ,  and 
s t r e n g t h  p r o p e r t i e s ,  molybdenum was chosen  t o  be t h e  b e s t  
s u i t e d  c l a d d i n g  m a t e r i a l .  I n  a d d i t i o n ,  molybdenum i s  com- 
p a t i b l e  w i t h  t h e  f u e l  materials and c o o l a n t  t o  which t h e  
c l a d d i n g  i s  t o  be exposed.  
Fue l - to-Cladding  Gap and Bond 
The gap between t h e  f u e l  and c l a d d i n g  was chosen  s o  
t h a t  d i f f e r e n t i a l  expans ion  of t h e  f u e l  and c l a d d i n g  would 
p e r m i t  t h e  p e l l e t s  t o  c o n t a c t  t h e  c l a d d i n q  b u t  e x e r t  z e r o  
i n t e r f a c e  p r e s s u r e  a t  maximum o p e r a t i n g  c o n d i t i o n s .  The 
two components t h a t  comprise  f u e l  expans ion  are  t h e r m a l  
expans ion  and f i s s i o n  p r o d u c t  s w e l l i n g .  C a l c u l a t i o n  of t o t a l  
f u e l  expans ion  w a s  made on a c o n s e r v a t i v e  b a s i s  by u s i n g  
h i g h  v a l u e s  f o r  t he rma l  expansion and s w e l l i n g  rate.  
One atmosphere of  he l ium g a s  was used  i n  t h e s e  f u e l  
Although e x p e r i e n c e  h a s  shown ( 6 )  t h a t  t h e  
p i n s  t o  p r o v i d e  a h e a t  t r a n s f e r  bond between t h e  f u e l  and 
t h e  c l a d d i n g .  
g e n e r a t i o n  and release of  f i s s i o n  g a s e s  q u i c k l y  p r o v i d e s  a 
gaseous  h e a t  t r a n s f e r  bond and a c o r r e s p o n d i n g  r e d u c t i o n  i n  
f u e l  t e m p e r a t u r e ,  c a l c u l a t i o n s  show t h a t  a lmos t  a l l  of t h e  
f u e l  i n  t h e s e  p i n s  would i n i t i a l l y  be mol ten  i f  t h e y  w e r e  
f a b r i c a t e d  w i t h o u t  a gas  bond. 
Helium g a s ,  r a t h e r  t h a n  n i t r o g e n  g a s ,  w a s  used  i n  t h e  
f u e l  p i n s  c o n t a i n i n g  UN p e l l e t s  because  t h e  t h e r m a l  conduc t i -  
v i t y  of he l ium i s  s i g n i f i c a n t l y  ( % 5  t i m e s )  h i g h e r  t h a n  t h a t  
of  n i t r o g e n .  C o n s i d e r a t i o n  was g i v e n  t o  t h e  dependence of  
- 7 -  
UN decomposition on nitrogen pressure. Calculations, based 
upon experimental data(7), showed that for a fuel pin con- 
taining a 10.5 gram UN pellet and a 0.047 cu. in. ( 0 . 2  in. 
diameter by 1 . 5  in. long) gas plenum less than 0.0008% of 
the UN would decompose when at 250OOC and less than 0 . 0 8 %  
would decompose when at 2850OC. 
Cladding Thickness and Gas Plenum Length 
Factors considered in arriving at a minimum cladding 
thickness included an estimate of the maximum internal 
pressure and an allowable cladding stress. The allowable 
stress was assumed to be equal to one-half the ultimate 
tensile strength reported by Brookes and Harris. ( 8 )  
maximum internal pressure was estimated by selecting a gas 
plenum length, based upon pin dimension limitations specified 
by NASA-Lewis‘’) , and assuming that all of the fission gases 
The 
formed and the helium bond gas will be collected i.n the plenum. 
The average temperature of the gases was assumed to be the 
same as the maximum cladding temperature specified by NASA-Lewis. (1) 
DESCRIPTION OF THE FABRICATION PROCESS 
Flowsheets of the U 0 2  and UN pellet preparation pro- 
cesses are presented in Fiqures 2 and 3 ,  respectively. A 
flowsheet of the fuel pin fabrication process is presented 
in Figure 4. 
Pellet Preparation 
The U 0 2  pellets were prepared by well-established 
cold pressing and sintering techniques. 
of the basic process is presented in Special Report No. 
2 .  ( 3 )  
a commercial vendor, was mixed with water and a binder 
A detailed description 
Ceramic grade U 0 2  powder, which was purchased from 
- 8 -  
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" O 2  
B l e n d  W a t e r  
and  B i n d e r  
Dry 
C o l d  P r e s s  
V o l  a t i  1 i ze  
B i n d e r  
H y d r o g e n  
S i n t e r  
I n s p e c t   
End G r i n d  
C h i p p e d  A r e a s  
Make up  
F u e l  Column 
Weigh U 
FIGURE 2. U02 P e l l e t  Preparation Process --
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Nibb led  U Metal  + N 2  Gas + Heat  
- 
f 
C h a r a c t e r i z e  
- S c r e e n  
Pack I n t o  
P r e s s i n g  Tube 
Green P r e s s  
I Wrap i n  Tanta lum F o i l  I 
Wrap i n  Degassed  G r a p h i t e  F o i l  
I 
S e a l  i n  Tan ta lum Tube 2
( H o t  I s o s t a t i c  Compact ion)  
Remove Tanta lum Tube,  
Degassed G r a p h i t e  Foi 1 ,  
a n d  Tan ta lum F o i l   
E l e c t r i c  D i s c h a r g e  
D r i l l  and Hone I .  D .  
I Grind  0 .  D .  
i n t o  
C 1  a d d i  n g  
1 I 
FIGURE 3. UN Pellet Preparation Process 
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S t o c k  
T u b i n g  1 
1 I d e n t i f y  
U1 t r a s o n i c  
Degrease 
and Wash 
I n s p e c t  
1 4  End Caps 
From N A S A  - 
L e w i s  
23 Weigh 
Weld 1 s t  
End Cap 
Degrease 
I n s p e c t  
Weigh .=1 
O t h e r  
Components 
Degrease 








I *I Weld 2nd 
r - l  Weigh 
I S h i p  
FIGURE 4. High Temperature Fuel Pin Fabrication Process 
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(Carbowax) t o  form a s l u r r y .  The s l u r r y  was d r i e d ,  g r a n u l a t e d ,  
and s i z e d .  The p e l l e t s  were co ld  p r e s s e d  a t  9 0 , 0 0 0  p s i  t o  
a g r e e n  d e n s i t y  of 56-60% of t h e o r e t i c a l  and t h e n  s i n t e r e d  
i n  hydrogen a t  168OOC f o r  e i g h t  hour s .  Because t h e  s i n t e r -  
i n g  c h a r a c t e r i s t i c s  o f  t h e  UO powder had been de te rmined  and 2 
t h e  p r e s s i n g  and s i n t e r i n g  c o n d i t i o n s  c a r e f u l l y  c o n t r o l l e d ,  
no g r i n d i n g  w a s  n e c e s s a r y  t o  o b t a i n  t h e  d e s i r e d  d i a m e t e r .  
The s i n t e r e d  p e l l e t s  v a r i e d  from 94-96% T.D. P e l l e t s  were 
end-ground, as n e c e s s a r y ,  t o  remove ch ipped  areas. Fuel  
columns w e r e  f a h r i c a t e d  t o  e x a c t  l e n g t h  by g r i n d i n g  t h e  f i n a l  
p e l l e t .  A f t e r  g r i n d i n g ,  t h e  p e l l e t s  were washed i n  e t h a n o l  
and d r i e d .  
The UN p e l l e t s  w e r e  f a b r i c a t e d  a t  t h e  B a t t e l l e  Memorial 
I n s t i t u t e  L a b o r a t o r i e s  i n  Columbus, Ohio. S i x  cored  p e l l e t s  
of  p o l y c r y s t a l l i n e  UN w e r e  p repa red  from f u l l y  en r i c l i ed  
uranium, and one c o r e d  p e l l e t  and t e n  wafe r  specimens of  
p o l y c r y s t a l l i n e  UN w e r e  p repa red  from d e p l e t e d  uranium. 
The UN powder w a s  p r e p a r e d  by r e a c t i n g  n i b b l e d *  uranium 
m e t a l  w i t h  p r e p u r i f i e d  n i t r o g e n  g a s  i n  a r e a c t i o n  f u r n a c e  
t h a t  w a s  e v a c u a t e d  t o  1 x t o r r  b e f o r e  back f i l l i n g  
w i t h  n i t r o g e n .  The r e a c t i o n  fu rnace  c o n t a i n e d  t u n g s t e n  
h e a t e r s  and s h i e l d s  and t h e  n ibb led  uranium w a s  c o n t a i n e d  
i n  t u n g s t e n - l i n e d  molybdenum c r u c i b l e s .  T o  form t h e  h i g h e r  
n i t r i d e  powder, t h e  n i t r o g e n  gas w a s  ma in ta ined  a t  85OOC 
and one a tmosphere  of p r e s s u r e .  When t h i s  r e a c t i o n  w a s  
comple ted ,  t h e  t e m p e r a t u r e  w a s  s l o w l y  i n c r e a s e d  t o  1 4 O O O C .  
The f u r n a c e  was . t hen  evacuated  t o  1 x t o r r  t o  a l l o w  
t h e  powder t o  c o o l  under  a vacuum. Befo re  removing t h e  
* Uranium metal  n i b l e t s  a r e  cubes (%1/8 i n . )  which 
c o n t a i n  a minimum amount of con taminan t s  f o r  t h e i r  
s u r f a c e  area.  
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UN-containing c r u c i b l e s  from t h e  f u r n a c e ,  t h e  f u r n a c e  was 
back f i l l e d  w i t h  a rgon  gas .  The UN powder w a s  t h e n  p l a c e d  
i n  a d r y  box, s c r e e n e d  through an  80 mesh seive, v i b r a t i o n a l l y  
packed i n t o  r u b b e r  h y d r o s t a t i c  p r e s s i n g  t u b e s ,  and g r e e n  
p r e s s e d  i n t o  r o d s  under  a p r e s s u r e  o f  1 0 0 , 0 0 0  p s i .  The r o d s  
were s i z e d ,  wrapped i n  t an ta lum f o i l  and degassed  g r a p h i t e  
f o i l ,  and i n s e r t e d  i n  t an ta lum t u b e s  which w e r e  s u b s e q u e n t l y  
s e a l e d  by e l e c t r o n  beam welding t a n t a l u m  p l u g s  i n  t h e  ends  
of t h e  t u b e s .  D e n s i f i c a t i o n  of t h e  UN r o d s  was accomplished 
bl7 h o t  i s o s t a t i c  compaction a t  a t e m p e r a t u r e  of 165OOC and 
a p r e s s u r e  o f  1 5 , 0 0 0  p s i  f o r  t h r e e  h o u r s .  The p r e s s u r e  was 
r e l e a s e d  a t  t e m p e r a t u r e  and t h e  r o d s  w e r e  f u r n a c e  coo led .  
s i z i n g  o f  t h e  d e n s i f i e d  p e l l e t s  w a s  accomplished by e l e c t r i c a l  
d i s c h a r g e  d r i l l i n g  t o  0 . 0 8 4  i n .  diameter fo l lowed by honing 
of t h e  I . D .  t o  0 . 0 9 0  i n .  and g r i n d i n g  o f  t h e  O . D .  t o  0.195 i n .  
To p r e v e n t  e x t e n s i v e  f r a c t u r i n g  w h i l e  c o o l i n g  i n  t h e  h o t  i s o -  
s t a t i c  p r e s s i n g  a u t o c l a v e ,  each rod  w a s  d e n s i f i e d  c o n s i d e r a b l y  
o v e r s i z e .  Thus,  approximate ly  0.25 i n .  was removed from t h e  
O.D.  o f  each  rod .  The d e p l e t e d  UN p e l l e t s  were p r e p a r e d  
b e f o r e  t h e  e n r i c h e d  p e l l e t s .  
F i n a l  
C ladd ing  and Hardware P r e p a r a t i o n  
Cladding  t u b e s ,  which had been f a b r i c a t e d  from s o l i d  TZM 
molybdenum a l l o y  b a r  s t o c k ,  were o b t a i n e d  from Thermo E l e c t r o n  
E n g i n e e r i n g  Company, Moburn, Massachuse t t s .  These t u b e s  had 
been s i z e d  by g r i n d i n g  t h e  O.D. and d r i l l i n g  t h e  I.D. w i t h  a 
c e n t e r c u t  gun d r i l l .  U s e  of a s p e c i a l  l u b r i c a n t ,  deve loped  
by Thermo E l e c t r o n  Engineer ing  ComFany, e l i m i n a t e d  t h e  need f o r  
hon ing  t h e  I.D. The c l a d d i n g  w a s  n o n d e s t r u c t i v e l y  t e s t e d  and 
t h e n  machined t o  l e n g t h .  
End caps  w e r e  machined from s o l i d  molybdenum b a r  s t o c k .  
The plenum s l e e v e s  and t h e  s u p p o r t  r i n g s  w e r e  machined from 
swaged molybdenum t u b i n g  having a 0 .25  i n .  ( o u t s i d e )  d i a m e t e r  
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and 0 .050  i n .  w a l l  t h i c k n e s s .  E l ec t r i ca l  d i s c h a r g e  machining 
(EDM) w a s  used  t o  f a b r i c a t e  t h e  t u n g s t e n  wafers and s p r i n g s  
from u n a l l o y e d  t u n g s t e n  f o i l .  
P i n  Assembly 
All p i n  components ( F i c p r e  5 and 6 )  w e r e  t ho rough ly  
c l e a n e d  i n  a c e t o n e  and e t h a n o l  and d r i e d  b e f o r e  assembly.  
The t u n g s t e n  s u p p o r t  sleeves were o n l y  used  w i t h  cored  
p e l l e t s .  Although n o t  shown i n  F i g u r e  5 ,  plenum s u p p o r t  r i n g s  
and penum s u p p o r t  sleeves of t h e  t y p e  shown i n  F i g u r e  6 
w e r e  used i n  t h e  p i n s  c o n t a i n i n g  U 0 2  p e l l e t s  as well  as i n  
t h e  p i n s  c o n t a i n i n g  UN p e l l e t s .  End c a p s  w i t h o u t  e x t e n s i o n s ,  
s imi l a r  t o  t h o s e  shown i n  F igu re  5 ,  w e r e  o n l y  used  i n  f u e l  
p i n s  c o n t a i n i n g  d e p l e t e d  f u e l .  End caps  w i t h  e x t e n s i o n s ,  
s imi l a r  t o  t h o s e  shown i n  F igu re  6 ,  w e r e  used  i n  f u e l  p i n s  
c o n t a i n i n g  e n r i c h e d  f u e l .  The i n t e r i o r  components,  i n c l u d i n g  
t h e  f u e l  p e l l e t s ,  w e r e  t h e n  i n s e r t e d  i n t o  t h e  t u b i n g .  The 
assembly w a s  p l a c e d  i n  a welding box which w a s  evacua ted  t o  
1 x t o r r  and b a c k f i l l e d  wi th  hel ium. The second end 
c a p  w a s  welded i n t o  p l a c e ,  comple t ing  t h e  f u e l  p i n  assembly 
( F i g u r e  7 ) .  
EVALUATION OF THE FUEL PINS 
C e r a m i c  g r a d e  U 0 2  w a s  purchased t o  ASA N 5 . 5  s p e c i f i c a t i o n ,  
i s s u e d  September 2 0 ,  1 9 6 5 ,  by t h e  American S t a n d a r d s  A s s o c i a t i o n ,  
I n c .  Analyses  of t h e  d e p l e t e d  and e n r i c h e d  U 0 2  powder, as 
r e p o r t e d  by t h e  vendors ,  are shown i n  Tab le  11. A f t e r  p r o c e s s -  
i n g  t h e  d e p l e t e d  and e n r i c h e d  U 0 2  i n t o  p e l l e t s ,  t h e  oxygen- 
uran ium r a t i o  ( O / U ) ,  and f l o u r i n e ,  c h l o r i n e ,  and w a t e r  c o n t e n t s  
w e r e  de t e rmined  (Tab le  111). 
The UN p e l l e t s  w e r e  ana lyzed  a t  t h e  Bat te l le  Memorial 
I n s t i t u t e  L a b o r a t o r i e s  i n  Columbus, Ohio. Analyses  o f  t h e  
UN p e l l e t s  are shown i n  T a b l e  I V .  
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FIGURE 7 .  Completed H i g h  Temperature F u e l  P i n s  
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Table I1 
Analyses  of Dep le t ed  and Enriched U02 Powder 
Ana lyses  (pprn) Ana lyses  (ppm) 
C o n s t i t u e n t  Dep. U02 En 'J02 C o n s t i t u e n t  D e D  uo En UO, -2 ~ 
Aq 
A 1  
B 
Ba 
B e  
B i  




C r  
cs 
c u  
F 
Fe  
I n  
K 
L i  
Mg 
< 0.1 0.1 
4 c 25 
< 0.2 < 0.25 
< 5  < 2.5 
< 0.1 < 0.5 
< 1  < 1  
< 20 < 25 
< 0.1 < 0.2 
' 10 
< 5  < 2.5 
16 < 17 
5 
2 ' < 1 0  
136 10 
4 8  40 
< 2.5 
< l o  
< 50 < 1  














S i  
Sn 
S r  
Th 
T 1  
T i  
V 
Zn 






C o n s t i t u e n t  
Table  I11 
Analyses  of Dep le t ed  and Enr i ched  U02 P e l l e t s  
Oxyaen 
Water 
F l o u r i n e  
C h l o r i n e  
Carbon 
< 5  
< 10 
81 
< 1 0  
46 
< 1 2 . 5  
< 1  
< 10  
< 5  
< 25 
< 2.5 
1 0  
~8 





Ana 1 y s i s 
un 2 Depleted U02 Enr iched  
2.005 O/U r a t i o  
15 PPm 
< 2 PFm 
<10 ppn -- 
Tab le  IV 
Analyses  of UN P e l l e t s  
2.019 Q / U  r a t i o  
27 pprn 
<2 ppm 
. 5  ppn 
30 PPm 
P e l l e t  * 
Kumber 
Dep le t ed  5 .60  340 190 22 C0.3 35 ~5 <1 20 20 < 2  < 3  
Enr iched  1-4 5.17 677 340 100 1 20 20 5 2 40 2 1 
Enr iched  5-6 5.14 875 4 7 0  200  0.5 50 15 30 5 50  10 50 
N 0 C Fe B S i C r z z J i  3 %  - - - - - - _  
* W t %  
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l l e t a l l o g r a p h i c  samples  of t h e  UN p e l l e t  m a t e r i a l  vere 
a l s o  t a k e n  a t  t h e  B a t t e l l e  Memorial I n s t i t u t e  L a b o r a t o r i e s  
i n  Columbus, O h i o .  T y p i c a l  n i c r o s t r u c t u r e s  of  t h e  d e p l e t e d  
UN p e l l e t s  a re  shown i n  F i g u r e  8. T y p i c a l  m i c r o s t r u c t u r e s  
o f  t h e  e n r i c h e d  UN p e l l e t s  a r e  shown i n  F i g u r e  9 and 1 0 .  
The w h i t e  second phase  v i s i b l e  i n  t h e  m i c r o s t r u c t u r e ,  e s p e c i a l l y  
f o r  p e l l e t s  5 and 6 ( F i g u r e  lo), was n o t  p o s i t i v e l y  i d e n t i f i e d  
b u t  h a s  been o c c a s i o n a l l y  observed i n  o t h e r  uranium n i t r i d e  
specimens made from e n r i c h e d  uranium. The second phase  i s  
t h o u g h t  t o  be o x i d e ,  because  t h e  oxygen c o n t e n t s  i n  p e l l e t s  
5 and 6 are h i g h e r  t h a n  i n  t h e  o t h e r  UN p e l l e t s  ( T a L l e  I V ) .  
However, t h i s  phase  does  n o t  have t h e  u s u a l  appearance  of  
o x i d e  i n c l u s i o n s .  Recent i r r a d i a t i o n s  by B a t t e l l e - N o r t h w e s t  
w i t h  (U,Pu)N f u e l  c o n t a i n i n g  4000-5900 ypm oxygen i n d i c a t e s  
t h a t  t h e  oxygen c o n t e n t  i n  t h e s e  f u e l  p i n s  (340-875 pym) 
s h o u l d  n o t  a d v e r s e l y  a f f e c t  f u e l  per formance  ( i . e . ,  exces -  
s i v e  g r a i n  growth o r  t he rma l  decomposi t ion  a t  t e m p e r a t u r e s  
up t o  2 O 0 O 0 C ) .  ( 1 0 )  T h e  n i t r o g e n  c o n t e n t s  of  t h e  e n r i c h e d  
p e l l e t s ,  as shown by chemical  a n a l y s e s  (Tab le  I V )  , are lower  
t h a n  t h e  m i c r o s t r u c t u r e s  would i n d i c a t e .  P e l l e t s  1 th rough  
4 were used i n  p i n s  11, 1 2 ,  1 4 ,  and 15 ,  r e s p e c t i v e l y ,  and 
c o n t a i n e d  uranium e n r i c h e d  t o  93.17 p e r  c e n t  . The 
uranium used f o r  p e l l e t s  5 and 6 ( p i n s  1 9  and 2 0 )  c o n t a i n e d  
235u 
93.10 p e r  c e n t  235u. 
The d imens ions  of a l l  f u e l  p e l l e t s  were a c c u r a t e l y  
measured and t h e  d e n s i t i e s  determined.  Fue l  column w e i g h t s ,  
d imens ions ,  and d e n s i t i e s  f o r  a l l  o f  t h e  f u e l  p i n s  a r e  shown 
i n  T a b l e  17. 
A l l  of t h e  components of each  p i n  t:ere a c c u r a t e l y  weighed 
( T a b l e  V I ) ,  and t h e  t o t a l  weight  of  t h e  components c r o s s -  
checked w i t h  t h e  weight  of  t h e  assembled f u e l  p i n .  The 
w e i g h t s  aq reed  t o  w i t h i n  0.1% f o r  t h e  p r o t o t y p e  f u e l  p i n s  
- 19 - 
250X (Neg. N o .  BMI 7A433) 
lOOX ( N e g .  N o .  BMI 7A432) 
F I G U R E  8.  M i c r o t s t r u c t u r e s  of Depleted UN Pe l l e t  
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250X ( N e g .  No. BMI OC672) 
lOOX (Neg. No. BMI OC67.0) 
F I G U R E  9. M i c r o s t r u c t u r e s  of Enriched UN P e l l e t s  1 through 4 
- 21 - 
& 
250X (Neg. No. BMI 3C285) 
lOOX (Neg. No. BMI 3C284) 
FIGURE 10. Microstructures of Enriched UN Pellets 5 and 6 
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c o n t a i n i n g  d e p l e t e d  U 0 2  p e l l e t s ,  and t o  w i t h i n  0 . 0 2 %  f o r  
t h e  remain ing  f u e l  p i n s .  
Molybdenum t u b i n g  w a s  purchased  t o  t h e  s t a n d a r d  T Z M  
a l l o y  compos i t ion ,  i . e . ,  0 . 5 %  T i ,  0.08% Z r ,  and 0 . 0 2 %  C ,  
b a l . :  molybdenum. A n a l y s i s  of t h e  TZM a l l o y  i s  shown i n  
E x h i b i t  I .  
i n t e r n a l  d e f e c t s  u s i n g  a 0 . 0 0 2 6  i n .  deep by 0 . 0 1 5  i n .  l o n g  
a r t i f i c i a l  d e f e c t  as t h e  r e j e c t  l eve l .  
20 p i e c e s  o r d e r e d  were r e j e c t e d .  A l l  p i e c e s  i n  a subsequen t  
o r d e r  w e r e  accep ted .  Wall t h i c k n e s s  on a l l  t u b e s ,  measured 
by micrometer a t  t h e  t u b e  ends and from r a d i o g r a p h s ,  w a s  
un i fo rm and w i t h i n  s p e c i f i c a t i o n s .  The d imens ions  o f  each  
component f o r  each  p i n  w e r e  checked. A l l  d imens ions  con- 
formed t o  t h e  s p e c i f i c a t i o n s  shown on Drawings No. R-1008 
( F i g u r e  1) w i t h  t h e  e x c e p t i o n  of t h e  diameters o f  t h e  s o l i d  
d e p l e t e d  U 0 2  p e l l e t s  which were 0.188 i n .  and t h e  i n n e r  d i a -  
meters of t h e  hol low d e p l e t e d  U 0 2  p e l l e t s  which w e r e  0.086 i n .  
These e x c e p t i o n s  w e r e  i n c o n s e q u e n t i a l  t o  t h e  e v a l u a t i o n  p l anned  
f o r  t h e  p r o t o t y p e  p i n s  and were a c c e p t e d  by N A S A - L e w i s ,  
The c l a d d i n g  tubes  w e r e  u l t r a s o n i c a l l y  t e s t e d  f o r  
Three  o f  t h e  o r i g i n a l  
The end caps  were f a b r i c a t e d  from una l loyed  molybdenum. 
F o u r t e e n  end caps  ( P a r t  3 0 ,  F igu re  1) were s u p p l i e d  by NASA- 
L e w i s  f o r  t h e  f u e l  p i n s  Con ta in ing  e n r i c h e d  UO p e l l e t s .  
A l l  o t h e r  end caps  were f a b r i c a t e d  by B a t t e l l e - N o r t h w e s t  
L a b o r a t o r i e s  from bar s t o c k  s u p p l i e d  by N A S A - L e w i s .  No 
s p e c i a l  s i g n i f i c a n c e  i s  impl i ed  t o  e i t h e r  t h e  p a r t  number, 
t h e  s u p p l i e r ,  o r  t h e  f a b r i c a t o r ;  t h i s  p o i n t  i s  documented 
o n l y  i n  t h e  e v e n t  t h a t  subsequent  e v a l u a t i o n  s h o u l d  d e t e c t  
a d i f f e r e n c e  between t h e  s o u r c e s  of  mater ia l .  An a n a l y s i s  
which i s  r e p r e s e n t a t i v e  of  t h e  u n a l l o y e d  molybdenum used 
f o r  t h e  end caps  i s  shown i n  E x h i b i t  11. 
2 
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A l l  t u n g s t e n  p a r t s  w e r e  f a b r i c a t e d  from una l loyed  tungs-  
t e n  f o i l .  
A f t e r  f i n a l  c l o s u r e  welding, t h e  p i n s  w e r e  checked 
f o r  l e a k s  w i t h  a he l ium l e a k  d e t e c t o r .  The p i n s  w e r e  r ad io -  
graphed t o  de te rmine  weld p e n e t r a t i o n  and f u e l  column 
i n t e g r i t y  and l o c a t i o n .  Photographic  p r i n t s  made from r a d i o -  
graphs  of  t h e  f u e l  p i n s  are shown i n  F i g u r e s  11, 1 2 ,  and 13. 
Complete weld p e n e t r a t i o n  w a s  o b t a i n e d  on a l l  p i n s .  The 
minimum w a l l  t h i c k n e s s  i n  t h e  weld r e g i o n s  was 75% of  t h e  
s p e c i f i e d  t u b e  w a l l  t h i c k n e s s  i n  a l l  p i n s .  I n v e r s i o n  of t h e  
t u n g s t e n  B e l l e v i l l e  s p r i n g  was d e t e c t e d  i n  f u e l  p i n  N o .  39 .  
Because t h e  i n v e r t e d  s p r i n g  w i l l  n o t  a f f e c t  t h e  performance 
of  t h e  f u e l  p i n ,  t h e  p i n  was not  d i sassembled .  
PROBLEMS ENCOUNTERED DURING FABRICATION 
Several d i f f i c u l t  and t i m e  consuming problems w e r e  
encoun te red  i n  f a b r i c a t i n g  t h e s e  f u e l  p i n s .  The e x p e r i e n c e  
ga ined  i n  s o l v i n g  t h e s e  problems may be o f  v a l u e  i n  f a b r i c a t i n g  
o t h e r  t y p e s  of h igh  tempera ture  f u e l  p i n s  o r  r e l a t e d  f u e l  
assembly components. For t h i s  r e a s o n ,  a b r i e f  d i s c u s s i o n  of  
t h e s e  problems and t h e i r  s o l u t i o n  i s  p r e s e n t e d .  I t  w i l l  be 
of i n t e r e s t  t o  n o t e  t h a t  t h e  problems d e s c r i b e d  were a l l  
a s s o c i a t e d  w i t h  t h e  c l a d d i n g  o r  end caps .  N o  s i g n i f i c a n t  
problems w e r e  encountered  i n  f a b r i c a t i n g  t h e  f u e l  p e l l e t s .  
Cons ide rab le  e f f o r t  w a s  expended i n  a t t e m p t i n g  t o  o b t a i n  
t h e  t h i n  wall ( 0 . 0 2 5  i n .  ) molybdenum c l a d d i n g  o r i g i n a l l y  
s p e c i f i e d  f o r  t h e  f u e l  p i n s .  S tock  molybdenum t u b i n g ,  made 
by powder m e t a l l u r g y ,  w a s  a v a i l a b l e  i n  t h e  p rope r  o u t s i d e  
d i a m e t e r ,  b u t  t h e  w a l l  t h i c k n e s s  w a s  0 . 0 5 0  i n .  Attempts t o  
b o r e  o u t  t h i s  t u b i n g  m e t  w i t h  many d i f f i c u l t i e s .  The as -  
f a b r i c a t e d  t u b i n g  cracked  dur ing  machining;  a n n e a l i n g  
- 2 8  - 
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a l l e v i a t e d  t h i s  problem. E a r l y  machining a t t e m p t s  f a i l e d  t o  
h o l d  w a l l  t h i c k n e s s  r equ i r emen t s ,  and a l though  s t e a d y  p r o g r e s s  
was made, t h e  s t a r t i n g  v a r i a t i o n  i n  w a l l  t h i c k n e s s  w a s  t o o  
l a r g e  t o  overcome by machining and t h e  wall  t h i c k n e s s  re jec t  
ra te  remained h i g h .  I n  a d d i t i o n ,  a la rge  p e r c e n t a g e  o f  t h e  
t u b e s  were r e j e c t e d  f o r  i n t e r n a l  d e f e c t s .  
One l o t  o f  s t o c k  molybdenum t u b i n g  hav inq  a 0 .250  i n .  ( o u t -  
s i d e )  d i a m e t e r  and 0 . 0 3 0  i n .  wall t h i c k n e s s ,  a l s o  a powder 
m e t a l l u r g y  p r o d u c t ,  w a s  ob ta ined  and e v a l u a t e d .  E x c e s s i v e  
c r a c k i n g  w a s  d e t e c t e d  i n  t h e  t u b i n g  w i t h  t h e  u l t r a s o n i c  t e s t ,  
and no f u r t h e r  work w i t h  t h i s  t u b i n g  w a s  a t t e m p t e d .  
These two t y p e s  of t u b i n g  had n o t  been f a b r i c a t e d  by 
t h e  vendors  f o r  n u c l e a r  f u e l  c l a d d i n g .  Consequent ly ,  t h e y  
w e r e  n o t  s u b j e c t e d  t o  t h e  s t r i c t  q u a l i t y  c o n t r o l  r e q u i r e d  
f o r  such  use .  
I n  view of t h e s e  problems, NASA-Lewis  s p e c i f i e d  t h a t  
t h e  w a l l  t h i c k n e s s  be  i n c r e a s e d  t o  0 .050  i n .  With t h e  
a d o p t i o n  o f  t h e  t h i c k  w a l l  ( 0 . 0 5 0  i n . )  t u b i n g ,  weld p e n e t r a -  
t i o n  became a problem. With t h e  0 . 0 2 5  i n .  w a l l  t u b i n g ,  1 0 0 %  
weld p e n e t r a t i o n  was ach ieved ,  b u t  w i t h  t h e  0 . 0 5 0  i n .  w a l l  
t u b i n g ,  p e n e t r a t i o n  i n  t h e  t e s t  welds  w a s  between 50 and 6 0  
p e r  c e n t .  Welding t e c h n i q u e s  w e r e  deve loped  f o r  t h e  e n r i c h e d  
U 0 2  f u e l  p i n s  w i t h  t h e  g o a l  of 80 p e r  c e n t  minimum p e n e t r a t i o n .  
The problem c e n t e r e d  around t h e  end cap  d e s i q n .  The end cap  
c o n t a i n e d  a s t e m  which r e s t r i c t e d  t h e  e l e c t r o d e  p o s i t i o n .  
T h i s  r e s t r i c t i o n ,  i n  t u r n ,  l i m i t e d  t h e  a b i l i t y  t o  app ly  t o  
t h e  p r o p e r  l o c a t i o n  t h e  amount of h e a t  r e q u i r e d  t o  s i m u l t a -  
n e o u s l y  m e l t  ap2roximate ly  equal  volumes o f  t h e  end c a p  and 
can  wall .  
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By r e l i e v i n g  t h e  d i ame te r  o f  t h e  s t e m  0.015 i n .  and 
p o s i t i o n i n g  t h e  1 / 1 6  i n .  d iameter  t u n g s t e n  e l e c t r o d e  a t  a 
45' a n g l e  t o  t h e  o u t e r  edge of t h e  c l a d d i n g ,  80% p e n e t r a t i o n  
w a s  a c h i e v e d  u s i n g  85 amperes and a we ld ing  speed  of  7 rpm. 
Weld p e n e t r a t i o n  v a r i e d  between 50 and 6 0  p e r  c e n t  by t h e  
o t h e r  t e c h n i q u e  i n v e s t i g a t e d .  By i n c r e a s i n g  t h e  c u r r e n t  t o  
90  amperes,  complete  p e n e t r a t i o n  ( 1 0 0  p e r  c e n t )  w a s  o b t a i n e d  
on t h e  f u e l  p i n s ,  themselves .  
During f i n a l  weld c l o s u r e  of  t h e  e n r i c h e d  UN f u e l  p i n s ,  
t h e  a n g l e  of t h e  e l e c t r o d e  was less t h a n  4 5 O  and mol ten  m e t a l  
r e l o c a t e d  t o  t h e  s m a l l  d i ame te r  r e g i o n  o f  t h e  end caps .  The 
u n a c c e p t a b l e  p i n s  w e r e  r e c l a d  w i t h  new c l a d d i n g  and end caps .  
The we ld ing  problem w a s  c o r r e c t e d  by i n c r e a s i n g  t h e  a n g l e  
of t h e  t u n g s t e n  e l e c t r o d e ,  t he reby  d i r e c t i n g  more h e a t  i n t o  
t h e  weld  r e g i o n .  Complete p e n e t r a t i o n  w a s  o b t a i n e d  on t h e  
a c c e p t a b l e  e n r i c h e d  UN f u e l  p ins .  The minimum wall t h i c k n e s s  
i n  t h e  weld r e g i o n s  of a l l  p i n s  w a s  75% of t h e  t u b e  w a l l  
t h i c k n e s s .  
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